Nanoporous metal phosphate (NP-MPO) materials are being developed for removal of contaminant oxyanions (As(OH)O 3 2− , CrO 4 2− , and TcO 4 − ), and cations (mercury, cadmium, and lead) from water and waste streams. Following sequestration, incorporation of metal laden NP-MPOs as a portion of cement formulation would provide an efficient and low-cost way to immobilize metal laden NP-MPOs in an easily handled waste form suitable for permanent disposal. There are no known investigations regarding the incorporation of NP-MPOs in concrete and the effects imparted on the physical and mechanical properties of concrete. Results of this investigation demonstrated that incorporating of NP-MPO materials requires additional water in the concrete formulation which decreases the compressive strength. Thus, incorporation of NP-MPOs in concrete may not serve as an efficient means for long-term disposal.
INTRODUCTION
Over the last decade, metal phosphate materials have been studied extensively for their potential use in catalysis, ion exchange, and phase separation [1, 2] . In contrast to silicabased materials, functionality of metal phosphates is inherently present, and recent advancements enabling control of the redox state of the metal center allow the reductive capacity of the metal phosphate material to be controlled for redox sensitive ion sequestration [3] . Nanoporous metal phosphate (NP-MPO) materials are being developed for removal of contaminant oxyanions (As(OH)O 3 2− , CrO 4 2− , and TcO 4 − ) [3] and cations (mercury, cadmium, and lead), respectively, from water and various waste streams. Nanoporous materials offer an efficient way of selectively sequestering many types of metals and radionuclides in a very small volume [4] [5] [6] [7] [8] [9] [10] . The high surface area of a nanoporous structure enhances mass transfer in sequestration applications and enables ions to be highly concentrated in a very small volume of material. Following sequestration, incorporation of contaminant laden NP-MPOs as a portion of cement formulation would provide an efficient, low-cost method to immobilize waste NP-MPOs in situ and would contain it in an easily handled waste form suitable for permanent disposal.
Concrete stabilization is a process of mixing waste with a binder to reduce the contaminant leachability by both physical and chemical means and to convert hazardous waste into environmentally acceptable waste forms for disposal [11] . Cement is widely used for stabilization of hazardous, radioactive, and mixed wastes [12] which serves to contain and isolate the waste from the hydrologic environment and to act as an intrusion barrier. Any failure of concrete stabilization may result in water intrusion and consequent mobilization of contaminants from the waste packages by mass flow and/or diffusion and may move into the surrounding subsurface environment.
Portland cement is the most commonly utilized cement because of its availability and low cost. Additional materials such as fly ash, natural pozzolans, and blast furnace slag often supplement the cement matrix which reduces cost and improves the performance of the concrete. Pozzolanic and mineral admixtures have previously been studied with regards to the effects imparted on the physical and mechanical properties of concrete [13, 14] . However, incorporating advanced materials such as nanoporous metal phosphate materials in concrete and their effect on the chemical, physical, and mechanical properties of concrete waste forms have not been investigated.
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Compressive strength is generally accepted as a principal measure of the quality of concrete, with approximate relations between compressive strength and other mechanical properties of concrete [15] . The objective of this investigation was to evaluate mixture proportions for incorporation of NP-MPOs in Portland cement and to quantify its effects on compressive strength of the resulting concrete monolith.
MATERIALS AND METHODS
The concrete composition used for this study was based on the mixture composition specified for encasing low-level radioactive waste [15] . This specification was used as the basis to prepare a concrete for fabrication of test specimens. The specified composition includes sulfate-resistant Portland Type I or Type II cement, a pozzolanic material (Class F fly ash), fine and coarse aggregates, and steel fiber. Table 1 (column 3) presents the mixture composition specified for encasing low-level radioactive waste [15] . Table 1 (column 4) presents the mass normalized composition for encasing lowlevel radioactive waste; Table 1 (column 6) provides the mass normalized composition for the laboratory concrete composition.
A laboratory-scale concrete mixture was prepared based on field-scale specifications to prepare concrete for waste immobilization ( Table 1) . Because of the required small dimensions of laboratory test specimens, iron particles (−40 to +60 mesh) were used as the scaled-down steel fibers. A particle size < 2 mm was used as the aggregate in the laboratory composition. Based on these modifications, a concrete mix was prepared that consisted of Portland cement (Type I and II, ASTM C-150 compliant), Class F fly ash, scaled-down coarse aggregate, fine aggregate, iron particles, and a waterentraining agent (Polyheed 997). The water-entraining agent was included in the mix to facilitate the workability of the concrete.
Concrete monoliths were prepared with components added in the order: cement, fly ash, coarse aggregate, steel (if applicable), NP-MPO (if applicable), Polyheed 997, MB AE 90, and water ( Table 1) . The concrete was mixed in polypropylene containers for five minutes to ensure homogeneity of the mixture. Polycarbonate bottles were used as the concrete molds for casting specimens. The molds were filled in the vertical positions. After filling, the molds were vibrated and lightly tapped on the laboratory bench until a significant decrease in the release of air bubbles was observed. The forms were stored in a humidity chamber for 5 days at which time the concrete monoliths were removed from the molds. The monoliths were subsequently stored in the humidity chamber for 23 days for a total of 28 days, as specified in ASTM standard C109/C109M-02 [16] . Compression testing was conducted in accordance with ASTM procedure C109/C109M-02 using a Carver Laboratory Press (Model M). vides the calculated water/cement ratio and calculated compressive strength of the concrete monoliths. The water to cement ratio is the mass-based ratio of water to cement within the concrete composition. The compressive strength was calculated per ASTM procedure C109/C109M-02. The experimentally measured force (lbs) necessary to produce structural failure of the concrete specimens was used to calculate the respective force per unit surface area (N/m 2 ) ( Table 3 ). The contribution of steel or iron particles on the durability of concrete has long been practiced. The use of steel fibers increases the density and energy absorption capacity and reduces cracking by bridging microcracks within the concrete matrix among others [17] [18] [19] [20] . Results presented in this investigation indicate that incorporating iron particles into the concrete matrix increases the bulk density by ∼6%. Substituting NP-MPOs into the concrete matrix in place of iron particles decreases the bulk density of the concrete monolith by ∼1.5% for every 4% increase in NP-MPO. Figure 1 illustrates the effect of incorporating nanoporous metal phosphate materials in Portland cement on the compressive strength. The results illustrate the inclusion of iron particles within the concrete monolith which affords a composition with the greatest compressive strength. Based on the water/cement ratio of the iron containing monolith, the calculated compressive strength is 0.7 times greater than standard concrete [21] . Removing iron particles from the concrete matrix decreased the compressive strength of the test core ∼45%. Substituting 4% NP-MPOs into the concrete matrix in place of the iron particles afforded a 40% decrease in the compressive strength relative to the monolith containing iron. However, approximately a 10% increase in compressive strength was measured for the concrete monolith containing 4% NP-MPO relative to the concrete monolith without iron or NP-MPO. Further increasing the content of NP-MPOs in the concrete matrix significantly decreased the compressive strength of concrete. NP-MPOs are synthesized via surfactant-templated chemistry. In order to remove the surfactant from the porous structure, NP-MPOs were calcined at ∼500
RESULTS AND DISCUSSION
• C. As a result, the materials are extremely dry, absorb a significant amount of water, and incorporation of them into the concrete matrix requires additional water to be added to the composition (Table 2) . Thus, by increasing the proportion of NP-MPO incorporated into the concrete, the water/cement ratio of the concrete increases, which decreases the compressive strength of the concrete. 
CONCLUSION
Incorporating metal laden NP-MPOs as a portion of cement formulation has been proposed as an efficient, low-cost, and low-temperature way to immobilize metal laden waste in situ and to contain it in an easily handled waste form suitable for permanent disposal. This investigation evaluated the effect of incorporating NP-MPOs in Portland cement formulations on the compressive strength of the concrete waste form. The results demonstrate the exceptionally dry nature of NP-MPO materials which requires the addition of extra water to the overall concrete formulation. This, in turn, increases the water/cement ratio and results in a decrease in the compressive strength of the concrete waste form. Thus, the incorporation of NP-MPOs in concrete may not serve as an efficient means for long-term disposal. In order for concrete stabilization to serve as a means for the long-term disposal of contaminant laden NP-MPOs, further investigation would be necessary to determine the optimal composition for incorporation.
